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ABSTRACT Cloned cDNAs encoding the precursor pro-
tein for gonadotropin-releasing hormone (Gn-RH) and prolac-
tin release-inhibiting factor (PIF) were isolated from libraries
derived from human and rat hypothalamic mRNA. Nucleotide
sequence analyses predict precursor proteins of 92 amino acids
for both species and show identity between the human placental
and human hypothalamic precursor proteins. Whereas the
Gn-RH peptide structure is completely conserved in human
and rat, the PIF domain of the precursor displays 70%
interspecies homology. Genomic analyses revealed the presence
of a single Gn-RH-PIF gene in human and rat containing
sequences corresponding to the cDNA distributed across four
exons.

The decapeptide gonadotropin-releasing hormone (Gn-RH),
also termed luteinizing hormone-releasing hormone (LH-
RH), is a key molecule in the control of mammalian repro-
duction (1, 2). The peptide is secreted in a pulsatile manner
from hypothalamic neurons into the capillary plexus of the
median eminence to elicit the episodic release of gonadotro-
pins from the anterior pituitary. In addition to the role of
Gn-RH on pituitary gonadotrophs, Gn-RH or Gn-RH-like
immunoreactivity has been found in extrahypothalamic re-
gions of the central nervous system (3), gonads (4), mammary
glands (5), and placenta (6), indicating that the decapeptide
serves a variety of other functions essential for reproduction.

In an attempt to study the biosynthesis of Gn-RH we
recently reported the use of oligonucleotide probes to isolate
a recombinant X phage carrying human genomic DNA that
contained coding sequence for Gn-RH and the subsequent
use of this DNA in the isolation of cloned human placental
cDNA encoding a 92 amino acid precursor protein for Gn-RH
(7). The placental protein, whose structure was solely de-
duced from nucleotide sequencing, contains an enzymatic
processing site that separates the Gn-RH structure from a 56
amino acid sequence initially termed GAP for "Gn-RH-
associated peptide." Immunocytochemical studies revealed
antigenic determinants of this peptide in rat brain. In fact,
such antigenic determinants were found by us in Gn-RH
containing neurons only and coexisted with Gn-RH in secre-
tory granules of nerve terminals in the median eminence (8).
The 56 amino acid peptide synthesized by genetically

programed Escherichia coli effected gonadotropin release
similar to Gn-RH and possessed potent prolactin secretion
inhibitory action when tested in vitro by using primary rat
anterior pituitary cell cultures (9). Active immunization with
synthetic peptides derived from the 56 amino acid sequence
led to greatly increased serum levels of prolactin in rabbits
(9). These findings identified the 56 amino acid sequence as
a dominant prolactin secretion-inhibitory factor (PIF) and

demonstrated that the hypothalamic control of gonadotropin
and prolactin secretion is coupled through the synthesis of a
common precursor for Gn-RH and PIF by neurosecretory
cells (9). This concept assumes that the same precursor
protein is biosynthesized in placenta and hypothalamus. We
show here that this is indeed the case by isolating and
analyzing cloned hypothalamic cDNAs from human and rat.
We also present a characterization of the unique gene whose
expression gives rise to the Gn-RH-PIF precursor in placenta
and brain.

MATERIALS AND METHODS

Materials. Avian myeloblastosis virus reverse transcrip-
tase and E. coli DNA polymerase I (Klenow fragment) were
purchased from Boehringer Mannheim. Restriction endonu-
cleases were purchased from Bethesda Research Laborato-
ries and endonuclease S1 was from Sigma. T4 DNA ligase
was from New England Biolabs. Polynucleotide kinase and
deoxy- and dideoxynucleoside triphosphates came from P-L
Biochemicals. [a-32P]dCTP (400 Ci/mmol and >3000
Ci/mmol; 1 Ci = 37 GBq), [a-32P]dATP (>3000 Ci/mmol),
and phage X Charon 4A arms were from Amersham. Phage X
packaging mixes were bought from Promega Biotec (Madi-
son, WI).

Restriction Enzyme Digestion and Gel Electrophoresis of
DNA. Restriction enzymes were used as suggested by the
supplier. Digested DNA was fractionated by electrophoresis
either on 1% agarose gels with 7.5 ,ug of DNA per lane for
Southern analysis (10) or 8% polyacrylamide gels. Electro-
phoresis buffers were 40 mM Tris/5 mM NaOAc/1 mM
EDTA, pH 7.8, for agarose gels and 50mM Tris/40mM boric
acid/1 mM EDTA, pH 8.3, for acrylamide gels (11).

Construction of cDNA Libraries. cDNA libraries were
constructed from poly(A) human and rat hypothalamic
RNAs by using the Xgtl0 system (12) as described (13).
Briefly, 2 jig of RNA was converted into single-stranded
cDNA by using reverse transcriptase and then converted into
double-stranded cDNA by E. coli DNA polymerase I, large
fragment. Following endonuclease S1 digestion and subse-
quent blunt-ending of cDNA by E. coli DNA polymerase I,
large fragment, synthetic complementary EcoRI adaptors
were ligated to cDNA molecules at a molar ratio of 100:1.
cDNA of >400 base pairs (bp) was size-selected by poly-
acrylamide gel electrophoresis and ligated to EcoRI-cleaved
Xgtl0 DNA. Ligation mixtures were incubated with X pack-
aging mixes and resulting phage particles were used to infect
E. coli C600 Hfl cells (12).

Abbreviations: Gn-RH, gonadotropin-releasing hormone; PIF, pro-
lactin release-inhibiting factor; bp, base pair(s); kb, kilobase(s);
GAP, Gn-RH-associated peptide; LH-RH, luteinizing hormone-
releasing hormone; GH-RF, growth hormone-releasing factor.
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Construction of a Rat Genomic DNA Library. DNA was
isolated from Sprague-Dawley rat (Simonsen Laboratories,
Gilroy, CA) livers according to published procedures (14) and
briefly digested with EcoRI to yield DNA molecules of 15
kilobases (kb), average size. DNA size selection, ligation to
X Charon phase 4A arms, packaging into phage particles, and
infection of E. coli cells was as described (11).

Screening of cDNA and Gene Libraries in Phage X. Recom-
binant phage-infected E. coli cells were plated onto 15-cm
(diameter) bacterial plates to give 30,000 phage plaques per
plate. These plates were screened for desired sequences (15)
by using duplicate filters and 106 cpm of radiolabeled pla-
cental Gn-RH cDNA (7) probe per filter. Probe hybridization
was performed in 40% formamide/0.75 M NaCl/75 mM
sodium citrate at 370C and filters were washed in 0.75 M
NaCl/75 mM sodium citrate at 650C. Phage corresponding to
hybridization signals on both filters were plaque-purified and
X DNA was prepared as described (11). DNA fragments of
interest were subcloned into phage M13 mpl8 or 19 (16) for
nucleotide sequence analysis.
DNA Sequence Analysis. DNA was sequenced by primed

DNA synthesis in the presence ofdideoxynucleoside triphos-
phates (17) with recombinant phage M13 DNA as templates
as described (18).

Preparation of Radioactive Probes. DNA fragments to be
radiolabeled were isolated by electrophoresis from 8% poly-
acrylamide gels and radioactively labeled by described meth-
ods (19) with random calf thymus DNA-derived oligodeoxy-

H GGGATCTTTTTGGCTCTCTGCCTCTAAACAGA
R TGGTATCCCTTTGGCTTTCACATCCAAACAGA

I

nucleotides as primers and E. coli DNA polymerase I, large
fragment, to synthesize DNA in the presence of [a-32P]dCTP
and [a-32P]dATP (both >3000 Ci/mmol). The specific activ-
ity of these probes was >101 cpm/,ug of DNA.

RESULTS

Isolation and Characterization of Cloned Hypothalamic
cDNA. In anticipation of a low abundance of Gn-RH coding
sequences in poly(A)-RNA derived from human and rat
hypothalami, cDNA libraries in excess of2 x 106 clones were
constructed by using the XgtlO system (12). These libraries
were screened with a radiolabeled cloned human placental
cDNA encoding a Gn-RH precursor (7). Five independent rat
clones were isolated from 3 x 106 recombinant phage and one
human clone was identified in 106 phage. The nucleotide and
deduced protein sequences ofthe human and a representative
rat isolate are shown in Fig. 1.
The cloned cDNAs from both species are close to 500 bp

long and their nucleotide sequences contain open reading
frames of 276 nucleotides encoding proteins of 92 amino
acids. The overall homology is -80% in the coding sequences
and drops to about 60%o in the 3' untranslated region, which
is of different length in human and rat (160 vs. 146 nucleo-
tides, respectively). Both 3' untranslated sequences contain
an AATAAA sequence (20) 17 nucleotides before the poly(A)
tail.

-23 -20
MET lys pro ile gin lys leu leu
ATG AAG CCA ATT CM MA CTC CTA
ATG GAA ACG ATC CCC AAA CTG ATG
MET glu thr ile pro lys leu met

-10 1
ile leu leu thr trp cys val glu gly cys ser ser gin his trp ser tyr

H ATT CTA CTG ACT TGG TGC GTG GAA GGC TGC TCC AGC CAG CAC TGG TCC TAT
R GTT CTG TTG ACT GTG TGT TTG GAA GGC TGC TCC AGC CAG CAC TGG TCC TAT

val leu leu thr val cys leu glu gly cys ser ser gin his trp ser tyr

ala gly leu
GCT GGC CTT
GCC GCT GTT
ala ala val

gly leu arg
GGA CTG CGC
GGG TTG CGC
gly leu arg

65

125

10
pro gly gly lys arg asp ala glu asn

H CCT GGA GGA MG AGA GAT GCC GAA MT
R CCT GGG GGG AAG AGA AAT ACT GM CAC

pro gly gly lys arg asn thr glu his

30
val gly gin leu

H GTT GGT CM CTG
R GAG GAT CM ATG

glu asp gin met

ala glu thr gin arg
GCA GAA ACC CM CGC
GCA GAA CCC CAG AAC
ala glu pro gin asn

20 1
leu ile asp ser phe gin glu ile
TTG ATT GAT TCT TTC CAA GAG ATA
TTG GTT GAT TCT TTC CM GAG ATG
leu val asp ser phe gin glutmet

val lys glu
GTC AAA GAG
GGC AAG GAG
gly lys glu

40
phe glu cys thr thr his gin pro arg ser pro
TTC GM TGC ACC ACG CAC CAG CCA CGT TCT CCC
TTC GAA TGC ACT GTC CAC TGG CCC CGT TCA CCT
phe glu cys thr val his trp pro arg ser pro

50 1 60
leu arg asp leu lys gly ala leu glu ser leu ile glu glu glu thr gly gin lys lys

H CTC CGA GAC CTG AAA GGA GCT CTG GAA AGT CTG ATT GAA GAG GM ACT GGG CAG AAG AAG
R CTT AGG GAT CTG CGA GGA GCT CTG GM CGT CTG ATT GAA GAG GAA GCT GGG CAG MG MG

leu arg asp leu arg gly ala leu glu arg leu ile glu glu glu ala gly gin lys lys

69
ile END

H ATT TM ATCCATTGGGCCAGMGGAATGACCATTACTMCATGACTTAAGTATAATTCTGACATTGAAAATTTATM
R ATG TAA -TGCACTGGCCCAGAAGG-AT-CCA----CAACAT---CCGAGTGTGACATTGACGCTGAGA-TCCATGA

met END

H CCCATTAAATACCTGTAAATGGTATGAATTTCAGAAATCCTTACACCAAGTTGCACATATTCCATAATAAAGTGCTGTG
R CCTGTTACAGCTCTGTAATTG-TGTGGGCTTCCGCATTTCTATACCC-AGCAGCGTAGATTTCATAATAAAGTAATGTG

305

382

461

H TTGTGAATG-polyA
R TTGTGGATC-polyA

FIG. 1. Nucleotide and amino acid sequences of cloned human (H) and rat (R) hypothalamic cDNAs encoding the Gn-RH-PIF protein
precursor. Amino acid numbers appear above the sequences with negative numbers corresponding to the presumed signal peptides. The number
of the last nucleotide in each line is indicated on the right and corresponds to the cloned human cDNA sequence. The 3' untranslated regions
were aligned to maximize homology. The signal for polyadenylylation (20) is underlined. Arrows indicate the positions of introns in the
corresponding genes (see Fig. 4).
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The 5' untranslated region is 32 nucleotides long in the
human clone and '70 bases in the longest rat cDNA isolated
(not shown). This is in contrast to the human placental
cDNA, which contained a 5' untranslated sequence in excess
of 1000 nucleotides (7). The unusually long 5' untranslated
region in the placental clone contains the much shorter 5'
untranslated sequence of the hypothalamic cDNA -870
bases upstream of the initiation codon for protein synthesis,
suggesting that the cloned placental cDNA may still carry an
intronic sequence (see Discussion).
Comparison of Precursor Proteins. The sequences of the

human and rat Gn-RH precursor proteins as deduced from
the cloned cDNAs have identical lengths and show 72%
overall homology. Fig. 2 compares the proteins and shows
their three domains. The first 23 amino acids represent the
signal sequence (61% homology, five conservative and four
nonconservative changes), which features the typical hydro-
phobic middle section (23). The Gn-RH decapeptide follow-
ing this sequence is completely conserved and so is the
Gly-Lys-Arg sequence (residues 11-13), which represents
the enzymatic processing signal for precursor cleavage (21)
and carboxyl-terminal amidation (22) of Gn-RH.
The remainder of the precursor is a 56 amino acid peptide

that displays potent PIF activity and affects gonadotropin
release similar to Gn-RH when tested in vitro (9). Rat PIF has
17 amino acid substitutions relative to human PIF, of which
8 are conservative in nature. Human and rat PIF are highly
hydrophilic peptides with expected acidic pI values owing to
the presence of approximately twice as many acidic as basic
residues. Both sequences are predicted to exist in structures
with >70% a-helical content (24). Their carboxyl termini are
not amidated, as also found in the case of rat growth
hormone-releasing factor (GH-RF) (25).
Genomic Analysis and Gene Structure. Isolation of cDNA

encoding an identical Gn-RH-PIF precursor from hypothal-
amus and placenta suggests the expression of the same gene
in both tissues and probably also in tissues in which the
presence of Gn-RH or Gn-RH-like immunoreactivity has
been observed. This notion of a single Gn-RH gene in human
and rat was corroborated by genomic analyses using cloned
cDNA as a probe. Fig. 3 shows examples of such analyses by
the Southern method (10). The small number of bands that
react with the probe suggests the presence of unique genes in
both species. The sizes of these bands are as expected from
the restriction map of the cloned human and rat Gn-RH genes
(see below). Thus, in the human case a single EcoRI-
generated DNA fragment of 11.5 kb and two Bgl II-generated
fragments hybridize with a probe derived from human pla-
cental cDNA sequences corresponding to exons II and III

SIGNAL SEQUENCE

-20 -10 -1
hu MKPIGKLLAGLILLTSCVE6CSS
rat METIPKLMAAVVLLTVCLE6CSS

M--I-KL-A ... LLT-C EGCSS

6n - RH

1 10
GHWSYSLRPG6KR
GHWSY6LRP66KR
OHWSY6LRP66KR

SAP/PIF

20 30 40 50 60

hu DAENLIDSFOEIVKEVGQLAETGRFECTTHOPRSPLROLK6ALESLIEEETSQKKI
rat NTEHLVDSFQEMSKEEDQMAEPQNFECTVHWPRSPLROLR6ALERLIEEEA6GKKM

**E-L*DSFOE--KE--Q-AE-G-FECT-H-PRSPLRDL-6ALEt-LIEEE-6QKK-

FIG. 2. Comparison of human (hu) and rat precursor proteins for
Gn-RH and PIF. The single-letter code is used to denote amino acids.
Numbers refer to positions of residues in precursor with negative
numbers for the signal sequence. The three domains of signal
sequence Gn-RH and GAP/PIF, are set apart. Amino acids 11-13
represent the site for enzymatic precursor cleavage (21) and
carboxyl-terminal amidation (22) and are joined to the Gn-RH
decapeptide. The third sequence presents a consensus sequence for
the precursor. Hyphens denote nonconservative and dots denote
conservative amino acid substitutions.
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FIG. 3. Southern analysis of human and rat genomic DNA

cleaved to completion by the indicated restriction endonucleases and
electrophoresed on 1% agarose gels. (A) Human DNA probed with
a 330-bp Pst I-Sac I DNA fragment derived from cloned human
placental Gn-RH cDNA (7) and containing 100 nucleotides of intron
1 and all of exons II and III. The lane labeled "Control" contains
linearized plasmid pUC12 DNA carrying a cloned 150-bp DNA
fragment containing exon II sequences in -10-fold higher amounts
than expected for single-copy genes. (B) Rat DNA probed with a
1.2-kb Pst I-Sac I Gn-RH rat gene fragment containing part of intron
3 and all ofexon IV (see Fig. 4) (a) and a 400-bp hypothalamic Gn-RH
cDNA fragment containing exons I-III and part of IV (b).

(Fig. 3A). The same probe hybridizes with only one Xba
I-generated genomic DNA fragment, as expected from a map
of the human Gn-RH gene (Fig. 4). Consistent with these
results, gene mapping techniques showed the presence of a
single chromosomal locus for this gene (26). Similarly, a
probe containing part of rat gene intron 3 and all of exon IV
hybridizes with two Bgl II-generatedDNA fragments, 5.4 and
4.0 kb in size, as well as with a single 5.3-kb EcoRI fragment.
An additional EcoRI-generated DNA fragment of ":2 kb was
seen when probed with cDNA containing the first three and
part of the fourth exons (Fig. 3B).
The existence of a unique gene was also indicated from

results obtained by screening human (27) and rat genomic
libraries constructed in X vectors. Several isolates were found
by using the cloned hypothalamic cDNAs as probes. Within
both species each isolate contained part or all of the same
Gn-RH gene. All human isolates corresponded to the gene
originally isolated with oligonucleotides (7).
The isolated human and rat genes were characterized by

nucleotide sequence analysis (unpublished data) and found to
have the mosaic structures and restriction maps shown in
Fig. 4. These maps are in complete agreement with the data
obtained from Southern analysis. Both genes extend over a
region of -4 kb and consist of at least four small exons (I-IV)
and three introns. The first exon carries 5' untranslated
sequence of the mRNA expressed in hypothalamic neurons.
The location of the promoter region and mRNA capping site
and the exact length of the 5' untranslated sequence of
hypothalamic or human placental mRNA is presently un-
known. Thus, not only can the existence of additional 5'
exons not be excluded but also the exact size of exon I is
unknown to us.
The second exon codes for the signal sequence of the

precursor protein, the Gn-RH decapeptide, the presumed
precursor processing signal, and the first 11 residues of PIF.
The third exon encodes the next 32 PIF residues and the
fourth exon contains the coding region for the carboxyl-
terminal 13 amino acids of PIF, the termination codon of

Neurobiology: Adelman et al.
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FIG. 4. Structure and restriction map of the Gn-RH-PIF gene from human and rat. The information shown is derived from nucleotide
sequences ofboth genes (unpublished data). The restriction sites shown represent a complete set for each enzyme across the region encompassed
by the leftmost and rightmost sites (BamHI and Stu I for the human gene; EcoRI and Sac I for the rat gene). Restriction sites whose locations
are outside of the sequenced regions and known from gene mapping only are not shown. The joining of exons I-IV to yield the mRNA is
schematically represented. Note the different scales for gene and cDNA. The, exact size of exon I is not known. The open box 5' to exon II
in the human gene and dissected by endonuclease Nco I corresponds to the 5' untranslated sequence in cloned human placental Gn-RH cDNA
(7). The protein coding regions that correspond to the precursor domains of signal sequence (S), LH-RH or Gn-RH (L), and GAP/PIF (G) have
the same shading in the genes and mRNAs. kbp, Kilobase pairs.

translation, and the entire 3' untranslated region of the
mRNA. The introns were found to interrupt the human and
rat mRNA sequences in exactly the same positions. The first
intron sequence constituted the 5' untranslated region of the
cloned human placental cDNA isolates (7).

DISCUSSION

By screening large cDNA libraries derived from human and
rat hypothalamic tissue, cloned cDNAs were isolated con-
taining the coding sequences for a 92 amino acid precursor
protein for the decapeptide Gn-RH and the 56-residue-long
PIF (9). The coding and 3' untranslated regions of the human
hypothalamic cDNA isolate were identical to those in the
previously isolated cDNA derived from human placenta (7),
indicating that an identical protein is expressed in hypothal-
amus and placenta. This finding confirms results obtained by
immunocytochemistry, which showed the presence in rat
brain of antigenic determinants related to the human placen-
tal Gn-RH precursor (8). These results are consistent with
genomic analyses suggesting the presence of a single Gn-RH
gene in human and rat. It should be stressed, however, that
the existence of another gene carrying coding sequences for
a peptide similar to Gn-RH but otherwise little-related cannot
be excluded at this time. Such Gn-RH-like sequences have been
seen to coexist with Gn-RH in chicken (28-30) and frog (31).

Differences between the human hypothalamic and placen-
tal cDNAs exist in their 5' untranslated regions only. Se-
quence comparisons showed that the short untranslated
region of the hypothalamic cDNA lies 870 bases upstream of
the presumed translational start codon in the placental cDNA
whose 5' region exceeded 1000 bases (7). The fact that this
870-nucleotide-long region starts with a G-T dinucleotide and
ends with an A-G preceded by a pyrimidine-rich sequence
identifies this region as an intron and suggests that the
placental cDNA was transcribed from a partially spliced
mRNA. Absence of this sequence from the hypothalamic
cDNA removes the in-phase ATG that preceded in the
placental species the most likely start codon for protein
synthesis (7), asjudged by Kozak's consensus sequence (32).

However, the fact that, despite the presence of the 870-base-
long region, the cloned placental cDNA extended by more
than 170 nucleotides 5' to even the longest rat hypothalamic
cDNA isolate and the finding of a selective high homology
suggesting functional conservation in the rat and human
intron separating the 5' untranslated sequence in the hypo-
thalamic cDNAs from the first coding exon (unpublished
data) leave the possibility of tissue-specific processing
and/or initiation of transcription. The extremely low abun-
dance ofGn-RH mRNA in placental and hypothalamic tissue
has thus far precluded a size analysis of this RNA species by
the RNA transfer procedure (33) as well as the use of
endonuclease S1 mapping techniques (34) to localize the
promoter regions in the human and rat Gn-RH genes.
The LH-RH precursor protein contains two biologically

active peptides, Gn-RH and PIF, through which a coupled
regulation of pituitary gonadotropin and prolactin release is
revealed (9). Though human and rat Gn-RH sequences are
identical, the 56 amino acid-long PIF peptides from human
and rat show 17 substitutions, approximately half of them
nonconservative in nature. A similarly high substitution rate
has been found in the GH-RFs, in which the 44-residue-long
human GH-RF (35) contains 15 substitutions, 12 ofwhich are

nonconservative, relative to the 43-residue-long rat GH-RF
(36). These differences do not seem to affect the activity of
human GH-RF or GAP when tested for hormone release by
using primary rat anterior pituitary cell cultures (9, 36).
Our findings that the placental Gn-RH-PIF precursor

protein is identical to the hypothalamic one establish the
central role of this unique protein precursor in orchestrating
central and peripheral reproductive functions. It will be of
interest to determine how the differential tissue expression of
the single Gn-RH-PIF gene is achieved.
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